Fission yeast Spc1/StyI MAPK is activated by many environmental insults including high osmolarity, oxidative stress, and heat shock. Spc1/StyI is activated by Wis1, a MAPK kinase (MEK), which is itself activated by Wik1/Wak1/Wis4, a MEK kinase (MEKK). Spc1/StyI is inactivated by the tyrosine phosphatases Pyp1 and Pyp2. Inhibition of Pyp1 was recently reported to play a crucial role in the oxidative stress and heat shock responses. These conclusions were based on three findings: 1) osmotic, oxidative, and heat stresses activate Spc1/StyI in wis4 cells; 2) oxidative stress and heat shock activate Spc1/StyI in cells that express Wis1AA, in which MEKK consensus phosphorylation sites were replaced with alanine; and 3) Spc1/StyI is maximally activated in ⌬pyp1 cells. Contrary to these findings, we report: 1) Spc1/StyI activation by osmotic stress is greatly reduced in wis4 cells; 2) wis1-AA and ⌬wis1 cells have identical phenotypes; and 3) all forms of stress activate Spc1/StyI in ⌬pyp1 cells. We also report that heat shock, but not osmotic or oxidative stress, activate Spc1 in wis1-DD cells, which express Wis1 protein that has the MEKK consensus phosphorylation sites replaced with aspartic acid. Thus osmotic and oxidative stress activate Spc1/StyI by a MEKK-dependent process, whereas heat shock activates Spc1/StyI by a novel mechanism that does not require MEKK activation or Pyp1 inhibition.
INTRODUCTION
In both prokaryotes and eukaryotes, a major adaptive response to various stress conditions is to change the repertoire of gene expression. Prokaryotic cells commonly employ the two-component signal transduction systems, where a "sensor" histidine kinase, often located in the plasma membrane, mediates environmental signals to a cytoplasmic "response regulator" that controls transcription of the target gene (reviewed by Hoch and Silhavy, 1995) . Although homologous mechanisms have been found also in some eukaryotic organisms (Swanson and Simon, 1994) , recent studies have uncovered a pivotal role of MAPK cascades in stress signaling of yeast and vertebrate cells. The prototype of stress-response kinase cascades was first identified in budding yeast Saccharomyces cerevisiae.
When exposed to high osmolarity stress, budding yeast cells increase the intracellular osmolarity by upregulating glycerol synthesis, which is induced by activation of the HOG (high osmolarity glycerol response) pathway composed of Hog1p MAPK, Pbs2p MAPK kinase (MEK), and redundant MEK kinases (MEKK) Ssk2p, Ssk22p, and Ste11 (Boguslawski, 1992; Brewster et al., 1993; Maeda et al., 1995; Posas and Saito, 1997) . Subsequently, stress-activated MAPK homologs were isolated in mammalian cells as JNK/ SAPK (Dérijard et al., 1994; Kyriakis et al., 1994) and p38/RK/CSBP (Han et al., 1994; Lee et al., 1994; Rouse et al., 1994) . These kinases are activated by environmental stress and inflammatory factors. These protein kinases regulate gene expression upon stimuli through phosphorylation of the transcription factors c-Jun (Dérijard et al., 1994; Kyriakis et al., 1994) , ATF2 (Gupta et al., 1995; Livingstone et al., 1995; Raingeaud et al., 1996) , Elk-1 (Cavigelli et al., 1995; Price et al., 1996) , CHOP/GADD153 (Wang and Ron, 1996) , NFAT4 (Chow et al., 1997) , and MEF2C (Han et al., 1997) .
In the fission yeast Schizosaccharomyces pombe, a HOG1 homolog, Spc1 (also known as StyI and Phh1) was identified as a regulator of the osmotic response and cell cycle (Millar et al., 1995; Shiozaki and Russell, 1995a; Kato et al., 1996) . Spc1 is activated by many different forms of stress including high osmolarity, oxidative stress, heat shock, UV irradiation, and nutritional limitation (Millar et al., 1995; Russell, 1995a, 1996; Degols et al., 1996; Degols and Russell, 1997; Shieh et al., 1997; . Spc1 plays a crucial role in cell survival under these stress conditions. A key substrate of Spc1 is the bZIP transcription factor Atf1/Gad7 (Takeda et al., 1995; Kanoh et al., 1996) , which is most homologous to mammalian ATF-2 Wilkinson et al., 1996) . Activated Atf1 induces transcription of various stress response genes (Takeda et al., 1995; Kanoh et al., 1996; Shiozaki and Russell, 1996; Wilkinson et al., 1996) . Atf1 is also responsible for stress-induced expression of the Pyp2 tyrosine phosphatase (Millar et al., 1992; Ottilie et al., 1992) and a type 2C serine/threonine phosphatase, Ptc1 (Shiozaki et al., 1994) . Pyp2 dephosphorylates the activating tyrosine phosphorylation in Spc1 (Millar et al., 1995; Degols et al., 1996) , and Ptc1 negatively regulates Atf1-dependent transcription of stress-response genes (Gaits et al., 1997) , which constitutes dual loops of negative feedback. However, genetic data imply that Atf1 is not the sole target of Spc1 because the G2-M cell cycle regulation carried out by Spc1 is independent of Atf1 Wilkinson et al., 1996) .
Wis1 (Warbrick and Fantes, 1991) is the MEK that phosphorylates and activates Spc1 (Millar et al., 1995; Shiozaki and Russell, 1995a) . In ⌬wis1 mutant cells, activating tyrosine phosphorylation of Spc1 is not detected under any stress conditions (Millar et al., 1995; Shiozaki and Russell, 1995a; Degols et al., 1996; Degols and Russell, 1997) , indicating that other MEK homologs in S. pombe (Neiman et al., 1993) are not involved in activation of Spc1. Wis1 activation of Spc1 is counteracted by Pyp1 and Pyp2 tyrosine phosphatases, with Pyp1 having the major activity (Degols et al., 1996) . Therefore, the activity of Spc1 MAPK is determined by the balance between Wis1 versus Pyp1 and Pyp2 (Millar et al., 1995; Shiozaki and Russell, 1995a) . Disturbing the balance by either wis1 ϩ overexpression or simultaneous deletion of pyp1 ϩ and pyp2 ϩ brings about hyperactivation of Spc1, which is toxic to the cell (Millar et al., 1992; Ottilie et al., 1992; Shiozaki and Russell, 1995a) . Recently, a MEKK homolog that functions upstream of Wis1 was identified as Wis4/ Wik1/Wak1 (Samejima et al., 1997; Shieh et al., 1997; . It is thought that Wis4 is regulated by a two-component osmosensor (Shieh et al., 1997; , which is homologous to the budding yeast Sln1p-Ypd1p-Ssk1p phosphorelay system (Ota and Varshavsky, 1993; Maeda et al., 1994; Posas et al., 1996) . In contrast to the budding yeast HOG pathway, which is activated only by osmostress (Schü ller et al., 1994) , S. pombe Spc1 and mammalian stress-activated kinases are responsive to many different forms of stress. With the aim of understanding how fission yeast cells perceive various stress stimuli and funnel them to Spc1, we initiated a genetic dissection of the Spc1 pathway in search of stress-specific activation mechanisms. Analyses using strains that express Wis1 with mutations at the MEKK phosphorylation sites have demonstrated that osmostress and oxidative stress signals are transmitted by MEKKs. While Wis4 MEKK is mostly responsible for osmostress signaling, another unidentified MEKK is also involved in transmitting oxidative stress signals to Wis1. Unexpectedly, we have found that heat stress activates Spc1 by a pathway that is independent of MEKKs. It was recently suggested that heat stress activated Spc1 by inhibition of the tyrosine phosphatase Pyp1 (Samejima et al., 1997) , but our studies reveal that heat stress activates Spc1 in a ⌬pyp1 strain. Thus, osmotic and oxidative stress activate Spc1 by different MEKK-dependent processes, whereas heat shock activates Spc1 by a novel mechanism that does not require MEKK activation or Pyp1 inhibition.
MATERIALS AND METHODS

Yeast Strains and General Methods
The S. pombe strains used in this study are listed in Table 1 . They are all derivatives of 972h Ϫ and 975h ϩ (Mitchison, 1970) . Standard procedures and growth media for S. pombe genetics have been followed according to Moreno et al. (1991) and Alfa et al. (1993) . YES and synthetic EMM2 media were used in growing S. pombe cells.
wis4
؉ Gene Disruption
The DNA sequences immediate upstream (Ϫ407 to ϩ1) and downstream (ϩ4207 to ϩ 4723) of the wik1 ϩ ORF were amplified by PCR using wild-type S. pombe genomic DNA as template with a pair of primers WK5 (5Ј-CGCGGA TCC ATC TAT AGT GAT AAC GGA AGT AAG-3Ј, BamHI restriction site is underlined) and WK6 (5Ј-CCG GAA TTC AGC AAC TGT CAT AGA AAA CAC TAG-3Ј, EcoRI restriction site is underlined) and another pair WK7 (5Ј-CCG CTC GAG TTA CAT GGT TTT AGG CGA ATG TGT-3Ј, XhoI restriction site is underlined) and WK8 (5Ј-CGG GGT ACC ATG TTC ACC ATT ACG CTG GCA CTA-3Ј, KpnI restriction site is underlined), respectively. Using the restriction sites at the ends, these two PCR products were cloned into the pBS-his7 ϩ , which is a pBluescript vector containing the 1.9-kilobase (kb) his7 ϩ fragment (Apolinario et al., 1993) at the SmaI restriction site. The resultant plasmid was digested by BamHI and KpnI to release the wis4::his7 ϩ fragment (see Figure  1A ) and used to transform a his7-366 wis4::ura4 ϩ strain (KS1875). Stable His ϩ ura Ϫ transformants were selected, and deletion of wik1 ϩ was confirmed by Southern blot analyses with genomic DNA isolated from the transformants.
Detection of Stress-induced Activation of Spc1
Stress-induced tyrosine phosphorylation of Spc1 was examined using wild-type and mutant S. pombe strains which carry chromosomal spc1 ϩ tagged with the HA6H sequence encoding two copies of hemagglutinin epitope and six consecutive histidine residues Russell, 1995a, 1997) . Spc1HA6H protein was purified by Ni-NTA-agarose beads under denaturing conditions and subjected to immunoblotting analysis using anti-HA (12CA5) and antiphosphotyrosine (4G10, Upstate Biotechnology, Lake Placid, NY) monoclonal antibodies following the procedures described previously . Stress treatments of S. pombe cells by KCl, H 2 O 2 , and heat shock were performed as described previously , and cells were harvested by filtration except in the experiment shown in Figure 1C .
Construction of wis1AA and wis1DD Mutants
wis1AA and wis1DD mutant genes were created by the overlap extension method using PCR (Higuchi et al., 1988; Ho et al., 1989) . For wis1AA, the sequences encoding residues 1-477 and residues 465-605 of Wis1AA were separately amplified by PCR with the wild-type wis1 ϩ genomic clone as template using a first pair of primers ND-WIS (5Ј-CCA TAT GTC TTC TCC AAA TAA TCA ACC-3Ј) and 3SATA (5Ј-ACA TCC AAT GTT AGC TTT GGA TAT AGC AGC CAC AAG ATT-3Ј, introduced mutations for S469A and T473A are underlined) and a second pair of primers 5SATA (5Ј-AAT CTT GTG GCT GCT ATA TCC AAA GCT AAC ATT GGA TGT-3Ј, introduced mutations for S469A and T473A are underlined) and WIS-KP (5Ј-CGG GGT ACC TTG CTT CTT TTT TCA CCT TTC TCT TTA AGA GCG-3Ј, KpnI restriction site is underlined), respectively. These PCR products were purified by agarose gel electrophoresis, mixed at a 1:1 ratio, and then subjected to another PCR using the primers ND-WIS and WIS-KP, the product of which is a full length wis1AA gene. The same procedure was used to create wis1DD mutant using primers 3SDTD (5Ј-ACA TCC AAT GTT ATC TTT GGA TAT ATC AGC CAC AAG ATT-3Ј, introduced mutations for S469D and T743D are underlined) and 5SDTD (5Ј-AAT CTT GTG GCT GAT ATA TCC AAA GAT AAC ATT GGA TGT-3Ј, introduced mutations for S469D and T473D are underlined) as well as ND-WIS and WIS-KP. The wild-type, wis1AA, and wis1DD gene fragments were cleaved at the internal DdeI site, and the 3Ј-end KpnI site and the 0.8-kb DdeI-KpnI fragments were cloned into p12 myc. p12 myc plasmid contains the ura4 ϩ marker gene and a sequence encoding 12 copies of myc epitope (Evan et al., 1985) following a unique KpnI site (Degols and Russell, unpublished result) . The resultant plasmids were linearized by MscI digestion and used to transform wild-type cells (PR109). Stable Ura ϩ transformants were selected and integration of the plasmid constructs at the wis1 ϩ locus was confirmed by Southern hybridization analysis. Furthermore, the wis1 sequence was amplified by PCR using the genomic DNA from the transformants, and introduced mutations were confirmed by DNA sequencing.
RESULTS
Wis4-Independent Activation of Spc1 by Oxidative Stress and Heat Shock
In an attempt to evaluate the role of Wis4 MEKK in the response to various forms of stress, activation of Spc1 in the wis4 Ϫ strain was monitored under osmostress, oxidative stress, and heat shock conditions. Previously, we constructed a wis4 disruption allele (wis4::ura4 ϩ ) by inserting the ura4 ϩ marker gene in the chromosomal region encoding the catalytic domain of Wis4 . However, in this strain a C-terminal truncated form of Wis4 protein might be still expressed and disturb activation of the Spc1 pathway. Therefore, we constructed a wis4 deletion strain in which the entire open reading frame of wis4 ϩ was replaced with the his7 ϩ marker gene (⌬wis4, Figure  1A ). This ⌬wis4 strain showed a growth defect in high osmolarity media and a cell elongation phenotype that were indistinguishable from the wis4::ura4 ϩ strains (our unpublished results).
To examine activation of Spc1 in the ⌬wis4 cells, the ⌬wis4 mutation was introduced into a strain carrying a chromosomal copy of the spc1 ϩ gene tagged with the HA6H sequence encoding two copies of hemagglutinin epitope and six consecutive histidine residues. In this strain, a wild-type level of Spc1 is expressed using the spc1 ϩ promoter and can be purified by Ni-NTAagarose chromatography .
Wild-type and ⌬wis4 strains expressing the HA6H-tagged Spc1 were exposed to 0.6 M KCl, and Spc1 purified from these strains was subjected to antiphosphotyrosine immunoblotting to monitor the activation state. In wild-type cells, strong activation of Spc1 was observed within 5 min, but only a small increase of Spc1 tyrosine phosphorylation was detected in ⌬wis4 cells ( Figure 1B ). This result is consistent with our previous observation with the wis4::ura4 ϩ strains, confirming that Wis4 plays an important role in osmostress signaling to Spc1 .
It was recently reported that osmotic stress strongly activates Spc1 in ⌬wis4 cells (Samejima et al., 1997) , a finding that contradicts our previous study and the data shown in Figure 1B . The contradictory findings cannot be attributed to strain differences because we have observed that activation of Spc1 by osmotic stress is also severely impaired in the ⌬wis4 mutant strain constructed by Samejima et al. (our unpublished observations) . One key difference in the experimental protocols is the method of harvesting cells. We harvest cells by rapid filtration , whereas Samejima et al. harvested cells by centrifugation (P. Fantes, personal communication). We explored whether this methodological difference might account for the discordant findings. When compared with filtration, we found that centrifugation caused a large increase in Spc1 tyrosine phosphorylation (Figure 1C) . Thus, the findings of Samejima et al. are complicated by the fact that cells were being stressed during harvest. The implications of these findings are considered in greater detail in the DISCUSSION.
Activation of Spc1 in ⌬wis4 cells was also examined after oxidative stress and heat shock. Wild-type and ⌬wis4 cells were exposed to hydrogen peroxide or incubated at 48°C, and the tyrosine phosphorylation of Spc1 was followed by anti-phosphotyrosine antibodies. In contrast to osmostress, oxidative stress and heat shock induced strong Spc1 activation, although the kinetics of maximal Spc1 activation were significantly delayed relative to wild-type, particularly for oxidative stress ( Figure 1B) . These results indicate that Wis4 contributes to Spc1 activation in response to oxidative and heat stress, but that these signals can also be transmitted to Spc1 independently of Wis4.
Wis1 Activity Is Regulated through the Conserved MEKK Phosphorylation Sites
A number of protein kinases, including MEKs and MAPKs, are activated by phosphorylation between the kinase subdomains VII and VIII (Johnson et al., 1996) . Human MEK1 is activated by c-raf and MEKK through the phosphorylation of the serine 218 and 222 residues (Alessi et al., 1994; Pagès et al., 1994; Zheng and Guan, 1994) . These two phosphorylation sites are also conserved in the MEKs of the yeast stress-sensing ϩ ORF were amplified by PCR and used to construct a plasmid to replace the chromosomal wis4 ϩ ORF with the his7 ϩ marker gene. Deletion of the whole ORF in the resultant strain was confirmed by genomic Southern blot analysis (our unpublished results). Restriction enzyme sites: Bg, BglII; Ec, EcoRI, Kp, KpnI; Nd, NdeI; Xh, XhoI. (B) Stress-induced activation of Spc1 in ⌬wis4 cells. Wild-type (KS1376) and ⌬wis4 mutant (KS1960) strains carrying a chromosomal spc1 ϩ tagged with the HA6H sequence were grown to midlog phase in YES medium at 30°C. At time 0, 0.6 M KCl for osmostress and 0.3 mM H 2 O 2 for oxidative stress were added to the culture or the temperature was shifted to 48°C for heat shock. Aliquots of cells were harvested by filtration at the following time points, and Spc1 was purified by Ni-NTA chromatography. Activation of Spc1 was examined by immunoblotting using anti-phosphotyrosine antibodies. The amount of Spc1 did not fluctuate during the experiments, which was confirmed by a duplicated immunoblotting with anti-HA antibodies (our unpublished results). (C) Cell harvest by centrifugation activates Spc1. KS1376 cells exponentially growing in YES medium were harvested either by filtration (lane F) or by centrifugation at 800 ϫ g for 5 min (5Ј) and 10 min (10Ј). Tyrosine phosphorylation of Spc1 in each sample was examined as described above.
pathways: S. pombe Wis1 and S. cerevisiae Pbs2p (Figure 2A [Warbrick and Fantes, 1991; Boguslawski, 1992] ). To test whether the conserved MEKK phosphorylation sites in Wis1 are involved in stress signaling, we constructed two kinds of wis1 mutants. In wis1AA, Ser 469 and Thr 473 codons were substituted with codons encoding unphosphorylatable alanine residues. In wis1DD the same sites were changed to encode aspartic acid residues to mimic phosphorylation. wis1 ϩ , wis1AA, and wis1DD genes were tagged with a sequence encoding the myc epitope just before the termination codon so that expressed mutant proteins could be detected by anti-myc epitope antibodies (Evan et al., 1985) . These constructs were used to replace the chromosomal wis1 ϩ gene; therefore they are expressed from the endogenous wis1 ϩ promoter and are the only wis1 genes in the genome. Immunoblotting using anti-myc antibodies against the crude lysates of the wild-type, wis1AA, and wis1DD strains showed that proteins of the expected molecular weight were expressed (our unpublished results).
If Wis4 MEKK functions by phosphorylating Ser 469 and Thr 473 of Wis1, then wis1AA and wis1DD mutants should be unresponsive to Wis4 activity. A mutant Wis4 protein lacking the N-terminal noncatalytic domain (Wis4⌬N) is constitutively active, and even in the absence of stress stimuli, expression of Wis4⌬N induces activation of Spc1 in a wis1 ϩ -dependent manner (Samejima et al., 1997; . We found that Wis4⌬N did not stimulate Spc1 activation in the wis1DD ( Figure 2B ) and wis1AA (our unpublished results) strains. Consistent with this observation, the wis1DD mutation rescued the growth defect by Wis4⌬N expression ( Figure 2C ). While Wis4⌬N causes a swollen cell morphology and frequent cell lysis in wild-type cells (Samejima et al., 1997; , wis1DD cells expressing Wis4⌬N showed no apparent difference from the same strain carrying the empty vector as a control. These results confirmed that Ser 469 and Thr 473 are essential for the regulation of Wis1 by Wis4 MEKK. Figure 3 shows the cell morphology of wild-type, wis1AA, and wis1DD strains. In comparison to wildtype cells ( Figure 3A) , wis1AA mutant cells are more elongated (Figure 3B ), exhibiting a phenotype that is indistinguishable from the ⌬wis1 cells (Warbrick and Fantes, 1991) . As was the case with ⌬wis1 cells (Millar et al., 1995; Shiozaki and Russell, 1995b) , wis1AA cells exhibited an osmosensitive growth phenotype (our unpublished results), implying that Wis1AA protein is not functional. In contrast, wis1DD mutant cells have a significantly shorter cell length than wild type ( Figure   3C ), which resembles the cell morphology of the ⌬pyp1 mutants ( Figure 3D ) (Millar et al., 1992; Ottilie et al., 1992) . Pyp1 tyrosine phosphatase dephosphorylates and inhibits Spc1, and the ⌬pyp1 mutation results in an elevated level of Spc1 activity (Shiozaki and Russell, 1995a). Therefore, it is likely that Wis1DD has a higher activity than the wild-type Wis1 and activates Spc1 even in the absence of stress. This was confirmed by comparing the level of Spc1 tyrosine phosphorylation between wild-type and the wis1 mutant strains ( Figure 4A ). In wis1DD cells, Spc1 tyrosine phosphorylation was higher than in wild-type cells in the absence of stress (compare lanes 2 and 8), which is consistent with the idea that the wis1DD mutation stimulates Wis1 activity by mimicking the phosphorylation at positions 469 and 473. (Note that the experiment shown in Figure 2B was performed with cells grown in minimal EMM2 media, which causes moderate stress [Shiozaki and Russell, 1995a ], accounting for the similar level of Spc1 tyrosine phosphorylation in wild-type and Wis1DD cells in lanes 1 and 3) . On the other hand, as in ⌬wis1 cells (lane 1), Spc1 tyrosine phosphorylation was not detectable in wis1AA cells before and after osmostress, suggesting that substitution of the Ser 469 and Thr 473 with the nonphosphorylatable residue abolishes Wis1 activity (lanes 5-7). These results indicate that conserved MEKK phosphorylation sites, Ser 469 and Thr 473, are essential for Wis1 activation.
Osmostress and Oxidative Stress Signals Are Transmitted through the Ser 469 and Thr 473 of Wis1
If Wis4 phosphorylates Ser 469 and Thr 473 of Wis1 in response to osmotic stress and activates the kinase cascade, mutations at these sites should make Spc1 unresponsive to osmotic stress. As expected, the level of Spc1 tyrosine phosphorylation was unchanged in wis1DD cells after exposure to osmotic stress ( Figure  4A ). In wild-type cells, Spc1 was robustly activated within 5 min after osmostress by 0.6 M KCl (lanes 2-4). However, the activation level of Spc1 showed no change in wis1DD cells during the experiment (lanes 8 -10). No Spc1 tyrosine phosphorylation was detected in wis1AA cells exposed to osmotic stress.
Very similar results were obtained when wis1AA and wis1DD cells were exposed to oxidative stress generated by hydrogen peroxide ( Figure 4B ). Spc1 was strongly activated in wild-type cells after exposure to oxidative stress, while no change in Spc1 tyrosine phosphorylation was detected in the wis1DD strain. Hence, these data strongly suggest that osmotic and oxidative stress signals are transmitted by phosphorylation of Ser 469 and Thr 473 of Wis1 to activate Spc1, and Spc1 is unresponsive to this stress in the strains carrying nonphosphorylatable residues at these sites. It is noteworthy that the level of active Spc1 in wis1DD cells was much lower than in wildtype cells stimulated by osmotic stress and oxidative stress. Presumably, aspartic acid residues at positions 469 and 473 do not activate Wis1 as well as phosphoserine and phosphothreonine at those sites. ϩ tagged with the HA6H sequence were grown in YES medium, and 0.6 M KCl (A) and 0.3 mM H 2 O 2 (B) were added to the cultures at time 0. Spc1HA6H protein was purified on Ni-NTA-agarose beads from cells harvested at each time point and subjected to immunoblotting analyses with anti-phosphotyrosine (pTyr) and anti-HA epitope antibodies. Spc1HA6H was also purified from ⌬wis1 strain (GD1682) and used as a negative control for anti-pTyr antibodies (lanes C).
Heat Shock Can Induce Spc1 Activation Independently of MEKK Activity
We also examined Spc1 activation in the wis1AA and wis1DD strains in response to heat shock. Surprisingly, a large increase of Spc1 tyrosine phosphorylation was observed in wis1DD cells after the shift from 30°C to 48°C, as was the case in wild-type cells. These results suggest that while osmotic and oxidative stress signals are transmitted to Wis1 through Ser 469 and Thr 548 phosphorylation, heat shock stimuli can be transmitted to Spc1 independently of the conserved MEKK phosphorylation sites of Wis1. However, this heat shock-specific activation of Spc1 is still dependent on a basal level of Wis1 activity, because no tyrosine phosphorylation of Spc1 was observed in ⌬wis1 (Degols et al., 1996) or wis1AA ( Figure 5A ) strains after heat shock.
Heat shock also induces a set of gene expression through activation of the heat shock factor (HSF) (Wu, 1995) . To test whether heat shock-specific activation of Spc1 in wis1DD cells is dependent on de novo protein synthesis induced by the HSF pathway or other distinct pathways, activation of Spc1 upon heat shock was also examined in wis1DD cells in the presence of cycloheximide, a protein synthesis inhibitor. As shown in Figure 5B , pretreatment of wis1DD cells with cycloheximide did not affect the activation of Spc1 after heat shock, indicating that heat shock-induced activation of Spc1 does not require de novo protein synthesis. Interestingly, we observed that heat shock induced a mobility shift of Wis1DD protein in SDS-PAGE ( Figure 5B , bottom panel). Wis1DD migrated with a reduced mobility after heat shock both in the presence (lanes 1-3) and absence (lanes 4 -6) of cycloheximide, which correlated well with activation of Spc1. Indeed, no apparent shift of Wis1DD was detected in ⌬spc1 cells (lanes 7-9), suggesting that the observed mobility shift is dependent on Spc1. The simplest explanation of these findings is that activated Spc1 phosphorylates Wis1.
Heat Shock Activates Spc1 in a ⌬pyp1 Strain It was recently proposed that arsenite activates JNK by inhibiting a phosphatase that dephosphorylates and inactivates JNK (Cavigelli et al., 1996) . Arsenite is known to bring about cellular responses similar to those induced by heat shock (Johnston et al., 1980; Tanguay et al., 1983; Welch, 1985) . Therefore, we tested the hypothesis that heat shock activates Spc1 by inhibiting the phosphatases that dephosphorylate Spc1 rather than by activating the kinases that phosphorylate Spc1. In S. pombe, there are two tyrosine phosphatases, Pyp1 and Pyp2, which negatively regulate Spc1 activity (Millar et al., 1995; Shiozaki and Russell, 1995a) . Pyp1 accounts for major cellular activity that dephosphorylates Spc1, whereas Pyp2 has only a very minor effect on the phosphorylation state of Spc1 in a wild-type background (Degols et al., 1996; Samejima et al., 1997) . In comparison with wild-type cells, ⌬pyp1 cells have a higher level of Spc1 tyrosine phosphorylation in the absence of stress (Figure 6 , time 0) (Shiozaki and Russell, 1995a) . If heat shock activates Spc1 by inhibiting the Spc1 phosphatases, there would be little increase in Spc1 tyrosine phosphorylation in ⌬pyp1 cells after heat shock. However, a large activation of Spc1 was observed in ⌬pyp1 as well as in wild-type cells ( Figure 6A ). Similar results were obtained in oxidative stress ( Figure 6B ) and osmotic stress experiments (our unpublished observations). This experiment excludes the possibility that these forms of stress activate Spc1 by inhibiting Pyp1 tyrosine phosphatase. Wild-type (KS2096), wis1AA (KS2086), and wis1DD (KS2088) strains expressing Spc1 tagged with HA6H were grown in YES medium at 30°C, and the cultures were shifted to 48°C at time 0. Spc1 was purified on Ni-NTA-beads from cells harvested every 10 min and analyzed by anti-phosphotyrosine (pTyr) and anti-HA immunoblotting as indicated. Lane C is Spc1HA6H protein purified from ⌬wis1 cells (GD1682) for a negative control. (B) wis1DD cells (KS2088) exponentially growing in YES medium at 30°C were pretreated with 0.1 mg/ml cycloheximide for 30 min (ϩCHX) and then subjected to heat shock at 48°C. Spc1HA6H protein was purified and analyzed as in panel A, showing that cycloheximide does not affect heat shock-induced Spc1 activation in wis1DD cells. To monitor Wis1DD protein during the experiment, immunoblotting analysis with anti-myc antibodies was performed using the crude cell lysates in the presence and absence of cycloheximide treatment and in a ⌬spc1 background (KS2125).
Stress Activation of Spc1/StyI MAPK Vol. 9, June 1998DISCUSSION Homologous MAPK pathways in S. pombe and mammalian cells are activated by a variety of stress conditions such as osmotic stress, oxidative stress, and heat shock. How are many different stress stimuli transmitted to a single MAPK? Two simple possibilities may be considered: 1) all stress conditions are sensed by the same receptor(s) connected to the MAPK cascade or 2) multiple receptors with different stress specificity funnel different stress stimuli into the MAPK. We have attempted to distinquish these two possibilities through the genetic dissection of the Spc1 pathway.
In mammalian cells deleted for Sek1(JNKK/MKK4), SAPK/JNKs are activated by only a subset of the stress stimuli that normally activate SAPK/JNKs, suggesting that different stress signals are mediated by more than one MEK (Nishina et al., 1997) . On the other hand, no tyrosine phosphorylation of Spc1 is detected in ⌬wis1 cells under any stress conditions tested, showing that Wis1 is the only MEK for Spc1. Therefore, we examined whether all the stress signals are transmitted through the conserved MEKK phosphorylation sites, Ser 469 and Thr 473, in Wis1. We constructed wis1AA and wis1DD mutants that have unphosphorylatable residues at Ser 469 and Thr 473, which abolished signaling from the Wis4 MEKK. Wis1DD behaved as a constitutively active kinase, and the level of Spc1 tyrosine phosphorylation did not change in wis1DD cells before and after exposure to osmotic and oxidative stress. These observations strongly suggest that osmotic and oxidative stress signals are transmitted to Wis1 through the phosphorylations carried out by MEKK. In addition to Wis4, another unidentified MEKK seems to be involved in oxidative stress signaling, because hydrogen peroxide can induce significant activation of Spc1 in ⌬wis4 cells, although the response is delayed and dampened relative to wild-type cells. The gene win1 ϩ may encode the other MEKK that activates Wis1 (Samejima et al., 1997) . On the other hand, ⌬wis4 mutants are highly defective in osmotic stress-induced activation of Spc1, showing that transmission of the osmotic stress signal is largely dependent on Wis4.
In contrast to our recent study and new experiments described here, Samejima et al. (1997) proposed that Wis4 is not important for osmotic stress signaling because a similar level of Spc1 activation was observed in wild-type and wis4 mutant cells upon exposure to osmotic stress. However, Samejima et al. harvested cells by centrifugation, a method that can cause potent activation of Spc1. Therefore, the findings of Samejima et al. may be explained by synergistic effects of osmotic and centrifugal stress in wis4 mutant cells.
We have found that heat shock induces activation of Spc1 in wis1DD mutant cells. Although this result does not exclude a possibility that heat stress may also activate MEKK(s), it does show that heat stress can induce Spc1 activation through another pathway distinct from MEKK. However, it should be noted that heat shock-induced activation of Spc1 still requires active Wis1-even after heat shock, no tyrosine phosphorylation of Spc1 is detected in ⌬wis1 and wis1AA mutant cells. Thus, a basal level of Wis1 activity is required for the activation of Spc1 induced by heat shock.
In our studies we have found that substitution of a chromosomal copy of wis1 ϩ with the wis1AA allele yields mutant phenotypes that are identical to ⌬wis1 cells. Identical findings have been obtained with the equivalent mutations of the S. cerevisiae kinase Pbs2p, the homolog of Wis1 (Maeda et al., 1995) . These findings strongly suggest that Wis1AA protein is inactive, a conclusion that is supported by our observation that Spc1 tyrosine phosphorylation is undetectable in wis1AA cells. In contrast to these results, Samejima et al. (1997) observed that Spc1 was tyrosine phosphorylated in ⌬wis1 cells that expressed Wis1AA from a strong promoter on a multicopy plasmid. These findings suggest that Wis1AA protein may have very weak activity, and expression of large amounts of this weakly active kinase may be sufficient to activate Spc1 in certain conditions. How does heat stress induce Spc1 activation by a mechanism that does not require elevated phosphorylation of Wis1 on sites that are typically phosphorylated by MEKKs? One attractive possibility is that heat stress leads to inhibition of the tyrosine phosphatases that dephosphorylate Spc1, as proposed by Samejima et al. (1997) . Likewise, arsenite (As 3ϩ ), a heat stress mimetic, was proposed to bring about activation of mammalian JNK by inhibiting a JNK phosphatase rather than activating JNK kinase (Cavigelli et al., 1996) . In fact, mutational inactivation of the major Spc1 phosphatase, Pyp1, results in hyperactivation of Spc1 in the presence of the basal level of Wis1 activity (Shiozaki and Russell, 1995a) . It was recently reported that heat shock failed to activate Spc1 in a ⌬pyp1 strain expressing an extremely low level of wis1 ϩ from the weakest nmt1 promoter under the repressing condition (Samejima et al., 1997) , a finding consistent with the idea that Pyp1 may be inhibited by heat shock. However, we have observed strong activation of Spc1 following heat shock in ⌬pyp1 cells with a wild-type wis1 ϩ background. In the same experiment carried out with the identical ⌬pyp1 strain, Samejima et al. (1997) found that Spc1 was maximally tyrosine phosphorylated before and during heat stress. The same authors also reported that osmotic and oxidative stress failed to cause an increase of Spc1 tyrosine phosphorylation in ⌬pyp1 cells, a finding that reinforced their conclusion that Spc1 was maximally activated in ⌬pyp1 cells. In contrast, we found that both osmotic and oxidative stress induced a large activation of Spc1. Previous studies have shown that hyperactivation of Spc1, achieved either by overproducing Wis1 or Wis4⌬N (Shiozaki and Russell, 1995a; Samejima et al., 1997; , or by creating ⌬pyp1 ⌬pyp2 double mutant cells (Millar et al., 1992; Ottilie et al., 1992) , is highly toxic. These observations show that Spc1 cannot be maximally active in ⌬pyp1 cells, because if it were, the cells would be inviable. Samejima et al. collected cells by centrifugation, a method that induces stress. Spc1 tyrosine phosphorylation will be hypersensitive to stress in ⌬pyp1 cells; therefore, it is very likely that Samejima et al. were misled because of their method of harvesting cells.
Our findings show that heat shock activates Spc1 by a novel mechanism that does not require increased MEKK-dependent phosphorylation of Wis1 on Ser 469 and Thr 473 or inhibition of Pyp1. Moreover, this mechanism appears to be completely independent of MEKKs, at least of Wis4 MEKK, because constitutively active Wis4⌬N does not stimulate Spc1 phosphorylation in wis1DD cells. We have observed that heat shock induces a mobility shift of Wis1DD protein, implying that Wis1 is subjected to a modification such as phosphorylation at a site or sites other than the Ser 469 and Thr 473 MEKK consensus phosphorylation sites. However, this mobility shift of Wis1 appears to be dependent on active Spc1 rather than on an upstream event evoked by heat shock. The role of this modification on Wis1 activity is not clear at present, although studies in vertebrate cells have suggested that MEKs may be inhibited by phosphorylations that are catalyzed by MAPKs Gotoh et al., 1994; Saito et al., 1994) . We are currently constructing an in vitro assay for Wis1 to test whether heat shock causes an increase in the specific activity of Wis1DD. MEK is a distinctive subfamily of protein kinases that is conserved among different MAPK pathways as well as through evolution. The only described mechanism of MEK activation is phosphorylation by MEKKs; therefore, continued study of heat shock-induced activation of Spc1 by Wis1 promises to reveal a novel mechanism of MEK activation.
In summary, the data presented in this paper have demonstrated that osmotic stress, oxidative stress, and heat shock signals utilize different pathways to activate Spc1, although there may also be some overlap between the pathways. Our studies have revealed that heat stress induces a large increase of Spc1 tyrosine phosphorylation in ⌬pyp1 cells, disproving the hypothesis that Pyp1 inhibition is required for transmission of the heat stress signal. Based on this model, we speculate that S. pombe cells have multiple stress receptors with different specificity rather than an omnipotent receptor that is activated by all the stress stimuli.
